Central and Eastern Alps. Regional comparison across the former Adriatic and European margin reveals a complex pattern of ages reported from late Palaeozoic magmatic and metamorphic rocks (and relics thereof): two late Variscan age groups (~330 and ~300 Ma) are followed seamlessly by a broad range of Permian ages (300-250 Ma). The former are associated with late-orogenic collapse; in samples from this study these are weakly represented. Clearly, dominant is the Permian group, which is related to crustal thinning, hinting to a possible initiation of continental rifting along a passive margin.
Introduction
Polymetamorphic basement rocks are exposed along the entire Alpine chain (e.g., Schmid et al. 2004; von Raumer et al. 2013) . Variscan and Permian metamorphic and magmatic rocks are abundant (e.g., Marotta and Spalla 2007; von Raumer et al. 2013; Spalla et al. 2014) , though only as relics where Alpine metamorphic overprint is strong. Following the Variscan orogeny, the Alpine realm underwent extension and lithospheric thinning, associated with regional high-temperature (HT) medium/low-pressure metamorphism in the lower and mid continental crust, as well as widespread magmatism at all crustal levels. Evidence of metamorphism associated with Permo-Triassic lithospheric thinning is widely documented in the Eastern and Central Alps (e.g., Schuster and Frank 1999; the Southern Alps, the Ivrea Zone represents a tilted cross section through the lower continental crust of the Adriatic margin (e.g., Mehnert 1975; Fountain 1976; Quick et al. 1995 Quick et al. , 2003 . The Ivrea Zone is well known for its Permian magmatism (e.g., Rivalenti et al. 1984; Sinigoi et al. 1994; Peressini et al. 2007; Zanetti et al. 2013; Klötzli et al. 2014) and HT metamorphism. It exposes a continuous metamorphic field gradient from mid-amphibolite to granulite facies conditions (e.g., Schmid and Wood 1976; Zingg 1980; Sills 1984; Redler et al. 2012; Kunz et al. 2014) , and P-T conditions of regional Permian metamorphism are well constrained (e.g., Henk et al. 1997; Luvizotto and Zack 2009; Redler et al. 2012; Ewing et al. 2013) . The timing of HT low-to-medium pressure metamorphism as well as the associated magmatic underplating has been documented by U/Pb zircon and Th-U/Pb monazite age dating (e.g., Vavra and Schaltegger 1999; Peressini et al. 2007 and references therein ; Ewing et al. 2013) . The cooling history has been studied by U/Pb rutile dating (Ewing et al. 2015) as well as Ar/Ar hornblende, K/Ar biotite, and zircon fission-track ages (e.g., Siegesmund et al. 2008) . Ewing et al. (2013) showed that U/Pb zircon ages from the Ivrea Zone combined with trace element thermometry (Tiin-zircon, Zr-in-rutile) provide insight into the T-t evolution during the Permian.
Adria-derived slices of continental crust in the Western Alps (Sesia-Dent Blanche nappes and external klippen) also preserve evidence for Permian metamorphism. Especially where Alpine metamorphic overprint is weak, such as in the Seconda Zona Dioritico Kinzigitica (2DK) and Valpelline Series (Fig. 1) , pre-Alpine HT assemblages are often visible in the field and have been confirmed in thin sections (e.g., Carraro et al. 1970; Vuichard 1987; Manzotti and Zucali 2013) . This led Carraro et al. (1970) to assign the 2DK and Valpelline Series to a single nappe originating from the Ivrea Zone. Where the Alpine HP metamorphic overprint is strong (in internal parts of the Sesia Zone and in external klippen), only local relics of pre-Alpine metamorphism are preserved (e.g., Lardeaux and Spalla 1991) . In the Dent Blanche nappe, Permian HT metamorphism has been dated using zircon and monazite between 300-260 Ma (e.g., Zucali et al. 2011; Manzotti et al. 2012) . However, at a regional scale, age data for the Permian HT metamorphic event are lacking so far, whereas Permian magmatism is well documented from gabbroic and granitic intrusives (e.g., Paquette et al. 1989; Bussy et al. 1998; Rubatto et al. 1999; Monjoie et al. 2007; Cenki-Tok et al. 2011) . No temporal relations of the metamorphism in Adria-derived units of the Western Alps have been established so far, nor is it clear what age span the metamorphic imprint across all of the units in the Western Alps may be, or how comparable the duration of the HT low-to-medium pressure imprint is to the Southern Alps. These space-time relations are relevant to understand the early stages of extension at the Adriatic margin. In the future, the age pattern may serve to constrain the original crustal position of continental fragments now exposed in the Sesia-Dent Blanche nappes and in external klippen units. Therefore, we investigated the age and regional distribution of Permian HT metamorphism in the units of the Western Alps that contain Adria-derived lower continental crust.
Zircon is an optimal tool for this purpose, as it can preserve robust information on the early evolution of polyphase rocks. To relate the zircon U/Pb age data to metamorphic conditions, we used mineral assemblages and relics, the internal textures of zircon, Ti-in-zircon thermometry, and Zr-in-rutile thermometry. Zircon grains typically display complex internal zoning; hence, single growth zones were selected for in situ U/Pb dating of zircon by LA-ICP-MS. To ensure sufficient amounts of zircon and to simplify comparison within and between data sets, clastic metasediments (mostly metapelites) and leucosomes were analysed. The extent and distribution of Permian metamorphism in continental units from the Western Alps are documented below for 17 select samples from the Sesia Zone (12 from the 2DK, five from the Eclogitic Micaschist Complex), five from the Valpelline Series in the Dent Blanche nappe, and three from the Mt. Emilius Klippe.
Geological setting Western Alps
The internal Western Alps comprise oceanic and continental units. They result from the large-scale continental collision between two or three continental domains, i.e., Europe, Iberia (Briançonnais), and Adria (Pfiffner 2009; Handy et al. 2010) . The oceanic units involved are remnants of the Jurassic to Cretaceous Piemonte-Liguria Ocean. The SesiaDent Blanche nappes and the Mt. Emilius Klippe represent continental units derived from the northwest margin of Adria; they mainly comprise slices of Palaeozoic basement rocks that underwent subduction and exhumation since the Upper Cretaceous, and hence, they were strongly metamorphosed and deformed during Alpine orogeny. Information on their pre-Alpine history is but sporadically preserved. The Sesia-Dent Blanche nappes represent the highest tectonic elements in the Western Alps, thrusted onto the oceanic units. They comprise the Sesia Zone, the Dent Blanche Tectonic System, and the Pillonet Klippe. A comprehensive view of the tectonometamorphic evolution of the SesiaDent Blanche nappes was recently published by Manzotti et al. (2014a) . The main characteristics of the Sesia-Dent Blanche nappes and the Mt. Emilius Klippe are briefly 1 3 reviewed here, highlighting the pre-Alpine evolution of these units.
Sesia Zone
The Sesia Zone is classically divided into three sub-units: (i) the Eclogitic Micaschist Complex (EMC), (ii) the Seconda Zona Dioritico Kinzigitica (2DK), and (iii) the Gneiss Minuti Complex (GMC) (e.g., Compagnoni et al. 1977) , though other subdivisions have been suggested more recently (Babist et al. 2006; Giuntoli and Engi 2016) . The EMC and GMC show a strong Alpine metamorphic overprint, whereas the 2DK largely preserves pre-Alpine HT assemblages (e.g., Carraro et al. 1970; , 1972 Compagnoni et al. 1977; Gosso 1977; Lardeaux et al. 1982; Vuichard 1989; Zucali et al. 2002) .
Eclogitic Micaschist Complex (EMC)
The EMC is the most internal and biggest unit in the Sesia Zone (Fig. 1) . It is mostly made of polymetamorphic basement (mostly metasediments, minor metabasites, and metacarbonates) containing derivates of felsic and mafic intrusives; all rock types show a strong and pervasive Alpine Bousquet et al. (2012) and Bigi and Carrozzo (1990) eclogite facies overprint (e.g., Compagnoni et al. 1977; Compagnoni 1977) . While the EMC was long regarded as one coherent unit, recent studies (Regis et al. 2014; Giuntoli and Engi 2016) showed that it comprises several tectonic slices with partly diverging Alpine imprint. From various localities, pre-Alpine HT relics (e.g., sillimanite, biotite, garnet, orthoclase) have been reported (e.g., Dal Piaz et al. 1972; Compagnoni 1977; Lardeaux and Spalla 1991; Robyr et al. 2014) . Based on such remnants, metamorphic conditions were estimated at 700-800 °C and 8-11 kbar for mafic granulites (Lardeaux et al. 1982) and at 700 °C and 3.5 kbar for sparse amphibolites (Gosso et al. 2010) . So far, the age of the pre-Alpine HT metamorphism has not been constrained by radiometric dating. Geochronological studies mostly focused on magmatic rocks, which indicate both Carboniferous (e.g., Ivozio gabbro, 355 ± 9 Ma, Rubatto et al. 1998) and Permian intrusives (Val Sermenza gabbro, 288 +2/-4 Ma, Bussy et al. 1998 ; Monte Mucrone granitoids, 293 +1/−2 Ma, Paquette et al. 1989; Bussy et al. 1998; Rubatto et al. 1999; Cenki-Tok et al. 2011) .
Seconda Zona Dioritico Kinzigitica (2DK)
Rocks of the 2DK mainly surface as discrete bodies in three parts of the Sesia Zone (see Fig. 1 ). In the northeast (e.g., Val Mastallone), a coherent body is wedged between the 'Scisti di Fobello e Rimella' (Canavese Zone) and the GMC. In more central parts of the Sesia Zone, between Val Sesia and Val del Lys, another fragment of 2DK is situated between the EMC and the GMC. In the area between Val del Lys and Val Ayas, small discontinuous lenses of reddish schists occur (Giuntoli and Engi 2016) , which are assigned to the 2DK (Bertolani 1964; Dal Piaz 1976; Manzotti et al. 2014a, b) . Further to the southwest (Pont Canavese area), small lenses of 2DK outcrop along the contact between the GMC and the EMC. The 2DK unit overall comprises mostly metapelites with minor amphibolites, basic granulites, and metacarbonates (e.g., Carraro et al. 1970) . In most of the 2DK bodies the dominant metamorphic imprint is upper-amphibolite to granulite facies; however, locally, in shear zones and along tectonic boundaries to adjacent units, an imprint at greenschist/ blueschist facies conditions can be pervasive (e.g., Vuichard 1987; Ridley 1989; Pognante et al. 1988; Stünitz 1989) . Pre-Alpine metamorphic conditions in the 2DK have been estimated at 700-830 °C and 6-8 kbar (e.g., Vuichard 1987; Pognante et al. 1988) . Reliable geochronological constraints on the pre-Alpine history of the 2DK are missing; based on similarities, ages have often been assumed to correspond to those in the Ivrea Zone. Some early studies did date 2DK samples using K/Ar in muscovite (e.g., 177 ± 9 Ma; Hunziker 1974) and Ar/Ar in biotite (e.g., 273-66 Ma; Reddy et al. 1996) , but the large range in these results hampers their interpretation.
Gneiss Minuti Complex (GMC)
The GMC is the most external sub-unit of the Sesia Zone. Rocks of the GMC are mostly greenschist facies orthogneisses with local occurrence of paragneisses and minor calcsilicates (e.g., Compagnoni et al. 1977) . It remains a debate whether the GMC reached HP conditions during Alpine times. Some studies reported jadeite relics (Williams and Compagnoni 1983; Spalla et al. 1991) , suggesting a minimum pressure of 12 kbar for the Alpine metamorphism of the GMC, but based on detailed mapping (Giuntoli and Engi 2016) , the position of these localities is uncertain, and Alpine maximum pressures were likely lower. Pre-Alpine relics in the GMC are rare, although magmatic allanite, K-feldspar, and apatite have been reported for some samples from the GMC (Giuntoli 2016) .
Pillonet Klippe
The Pillonet Klippe, sitting on top of the Piemonte-Liguria oceanic units, lies midway between the external part of the Sesia Zone (GMC) and the Dent Blanche nappe (e.g., Dal Piaz et al. 2001) . The Pillonet Klippe is characterised by fine-grained orthogneiss (Permian metagranitoids), paragneisses (Variscan/Permian), metagabbros (Permian), and Mesozoic metasediments including carbonates (e.g., Dal Piaz and Sacchi 1969; Dal Piaz 1976) . The Pillonet Klippe preserves evidence of Alpine blueschist facies metamorphism (glaucophane, phengite; Dal Piaz 1976) . Ar/Ar data from mica in paragneiss yield Permian ages of 260-253 Ma, whereas Rb/Sr data indicate 310 Ma (Cortiana et al. 1998) . U/Pb zircon ages from a leucocratic dyke yield Variscan magmatic ages of 355 ± 4 Ma and 312 ± 5 Ma, while monazite (Th/Pb age: 289 ± 9 Ma) and allanite (Th/ Pb age: 266 ± 10 Ma) from the same sample indicate a medium-temperature/low-pressure metamorphic overprint in the Permian (Grossen 2012) .
Dent Blanche Tectonic System
The Dent Blanche Tectonic System (Manzotti et al. 2014b) is the most external Adria-derived continental unit in the Western Alps (Fig. 1) , surfacing north of the Aosta-Ranzola fault, resting on top of remnants of the PiemonteLiguria Ocean. It comprises the Mont Mary nappe and the Dent Blanche nappe, which are separated by a 25 km long Alpine high-strain zone (the Roisan Cignana Shear Zone, Manzotti et al. 2014b (Ayrton et al. 1982; Manzotti 2011; Ciarapica et al. 2016 ). The latter unit is strongly deformed and metamorphosed together with basement rocks along the Roisan Cignana Shear Zone. In the Dent Blanche nappe, the Valpelline Series consists of metapelites, metabasites, and metacarbonates with a dominant metamorphic imprint at amphibolite to granulite facies conditions (700-800 °C, 7-9 kbar), the pre-Alpine age of which remains poorly constrained (e.g., Diehl et al. 1952; Nicot 1977; Gardien et al. 1994; Zucali et al. 2011; Manzotti and Zucali 2013) . The Alpine imprint, mainly under greenschist facies conditions, is weak and only locally developed (De Leo et al. 1987 ). Kiénast and Nicot (1971) described Alpine assemblages with kyanite-chloritoid in metapelite, suggesting conditions of 7-8 kbar and ~525 °C for the Alpine evolution. In the Upper Unit of the Mont Mary nappe, Permian metamorphic zircon ages ranging from 294 to 263 Ma have been reported for metasediments from the Valtournenche area . Similarly, in the Valpelline Series, Permian metamorphism has been dated in zircon from a pegmatite (274 ± 1 Ma; Zucali et al. 2011; Manzotti 2012) , whereas monazite in a migmatite shows a range from late Carboniferous to early Triassic (304-248 Ma; Zucali et al. 2011; Pesenti et al. 2012) . Permian magmatic intrusives are well known in the Dent Blanche Tectonic System, notably from the Collon and Cervino gabbros: 284 ± 1 Ma, ID-TIMS U/Pb zircon crystallisation age (Monjoie et al. 2007 ); 246 ± 8 Ma, K/ Ar and 257 ± 6 Ma, Rb/Sr biotite cooling ages . Felsic intrusives such as the Arolla granite yield zircon crystallisation ages of 290 ± 2 Ma and of 294.5 ± 6.0 Ma (LA-ICP-MS, Manzotti 2012), in agreement with an ID-TIMS age of 289 ± 2 Ma for Arolla orthogneiss (Bussy et al. 1998 ).
External klippen
Adria-derived continental units form several klippen ( Fig. 1 ) situated between sub-units derived from the Piemonte-Liguria Ocean, specifically below the Combin zone and on top of the Zermat-Saas zone (e.g., Dal Piaz 1976 , 1999 Ballèvre et al. 1986 ). The two largest of these outliers are the Mt. Emilius Klippe and the Glacier-Rafray Klippe, both situated south of the Aosta-Ranzola fault. They comprise pre-Alpine basement rocks (metapelites, -basites, -granites, and carbonates) overprinted by Alpine eclogitic metamorphism and locally retrogressed at greenschist facies conditions (e.g., Dal Piaz and Nervo 1971; Dal Piaz et al. 1983 ). Evidence of pre-Alpine metamorphism in the Mt. Emilius Klippe is preserved as mineral relics (e.g., garnet, rutile, and zircon), and P-T conditions for HT metamorphism have been estimated to 700-750 °C at maximum pressure of 6-8 kbar (Dal Piaz et al. 1983 ). The only constraints on the age of pre-Alpine metamorphism for the Mt. Emilius Klippe are based on Rb/Sr whole rock data; these yield ages of ~450 Ma (Hunziker 1974) . Granitic intrusives gave early Permian zircon crystallisation ages of 293 ± 3 Ma (Bussy et al. 1998) .
Analytical methods
All sample preparation and analytical work was done at the Institute of Geological Sciences, University Bern. Rock samples were disaggregated using a Selfrag Lab system. Zircon was separated by classical heavy mineral separation, hand picked, mounted in acryl/epoxy, and polished to equatorial section. CL-images were made using a ZEISS EVO 50 scanning electron microscope. Electron microprobe analysis on rutile was performed on polished thin sections with a JEOL JXA8200. Measurements for zircon U/Pb-geochronology and trace elements were performed by LA-ICP-MS using a GeoLas-Pro 193 nm ArF Excimer laser system (Lambda Physik) combined with an Elan DRC-e quadrupole mass spectrometer (Perkin Elmer). Detailed analytical protocols are reported in the Online Resource 1. U and Th concentrations were measured during geochronological and during trace element analysis, and concentrations reported here and discussed are the data obtained during geochronology measurements as they represent the same sample volume as the U/Pb dates. The term date refers to individual 206 Pb/ 238 U spot analyses, while the term age is used for groups of 206 Pb/ 238 U dates that are regarded as geologically significant.
Sample description
The present study emphasises mineral assemblages and relics associated with Permian HT metamorphism. Other mineral phases not related to HT metamorphism in part reflect post-Permian retrogression or Alpine metamorphism. In some units, such as in the EMC, southwestern parts of the 2DK, and the Mt. Emilius Klippe, the Alpine metamorphism was pervasive, and its products can be identified with confidence. However, in the northeastern and central parts of the 2DK and in the Valpelline Series, the generations often cannot be distinguished unambiguously. Sample localities ( Fig. 1 ) and further information (e.g., GPS position, mineral assemblages, and main metamorphic imprint) for each sample are given in Table 1 . Mineral abbreviations follow Kretz (1983) and migmatite terminology Sawyer (2008) .
Eclogitic Micaschist Complex (EMC)
The samples from the EMC (Fig. 1 ) are micaschists with a pervasive Alpine eclogite facies imprint; assemblages (Table 1) comprise white mica (phengite and paragonite), quartz, garnet, epidote, and rare glaucophane and clinozoisite. Accessory phases are allanite, rutile, titanite, graphite, and ilmenite. Sample FG 1347 additionally preserves chloritoid, and sample ROMu-1 has omphacite. Strong Alpine deformation and a HP metamorphic overprint erased most macroscopic evidence of pre-Alpine metamorphism. At the micro-scale, isolated mineral relics remain, notably as cores of garnet porphyroblasts and zircon, very sparsely monazite occurs as well. In none of the micaschist samples, we studied a more complete record of the pre-Alpine metamorphic HT evolution preserved, but coronitic domains in other lithotypes of the EMC have been reported (e.g., Zucali 2011) from some areas.
Seconda Zona Dioritico Kinzigitica (2DK)
In the field, the samples from most 2DK bodies ( Fig. 1) show evidence of pre-Alpine HT metamorphism and partial melting, based on their mineral assemblages, coarse grain size, and separation of leucosome and melanosome domains (see Fig. 2 ). Near contacts to the EMC or the GMC, the 2DK rocks show an Alpine blueschist to greenschist facies overprint. Permian HT metamorphic assemblages (Table 1) include garnet, biotite, sparse sillimanite, plagioclase, K-feldspar, quartz, and local rutile. Accessory phases associated with the HT assemblage are mostly zircon, monazite, apatite, ilmenite, and graphite. Retrogression is marked by chlorite replacing biotite and garnet, white mica and epidote/clinozoisite replacing plagioclase, and monazite showing coronas of apatite and allanite. The samples from the SW 2DK additionally contain Alpine glaucophane, albite, and titanite. In sample, IIDK 54 biotite shows exsolution of very fine rutile needles, and small, pale green aggregates of chloritoid and amphibole reveal retrogression or a low-grade overprint. Alpine metamorphic overprint increases from absent to minor in the NE 2DK, to a faint greenschist facies overprint in the central 2DK, and a strong greenschist to blueschist facies overprint in the SW 2DK.
Valpelline Series
Samples from the Valpelline Series of the Dent Blanche nappe were collected along the Valpelline valley ( Fig. 1 ; Table 1 ). All samples show field evidence indicating HT metamorphism and partial melting, such as a coarse grain size, migmatite textures, distinct leucosome, and melanosome domains (Fig. 2) . In thin section, pre-Alpine HT assemblages including garnet, biotite, plagioclase, K-feldspar, sillimanite, muscovite, and quartz are well preserved. Zircon, rutile, monazite, apatite, ilmenite, and graphite are the most common accessory phases associated with the HT assemblage. Manzotti and Zucali (2013) estimated (peak) P-T conditions of 814 ± 40 °C and 6-8 kbar for samples VP 66 and VP 74. Sericite, epidote/clinozoisite, and chlorite indicate Alpine retrogression.
Mt. Emilius Klippe
The three samples from the Mt. Emilius Klippe are from two localities (see Fig. 1 ; Table 1 ). The metasediments sampled show reddish weathering and a layered appearance. All three samples show Alpine HP overprint and variable greenschist retrogression. They are dominated by the HP assemblage white mica, garnet, quartz, chlorite, glaucophane, and clinozoisite with accessory titanite, allanite, and rutile. Minerals retaining information about pre-Alpine metamorphism are cores of large garnet porphyroblasts, dark brown/red rutile grains (>200 µm), and zircon.
Zircon Zircon textures
All samples in our study contain zircon, but the quantity, quality (ideally clear, not fractured and non-metamict), and grain size vary from sample to sample. The samples from the EMC show a large variability, some have abundant grains of good quality and grain sizes up to 100-200 µm, while other samples only contain few (<20) grains of poor quality and small grain sizes (<70 µm). The metapelites from the 2DK, Valpelline Series, and the Mt. Emilius Klippe usually have sufficient quantities of good quality zircon with grain sizes up to 200 µm. The highest amount of high-quality zircon with grain size up to 500 µm was found in leucosomes from the 2DK and Valpelline Series. Representative CL-images of zircon are shown in Fig. 3 . The samples from the EMC mostly have short-prismatic zircon ( Fig. 3a-d) , while zircon from the 2DK, Valpelline Series, and Mt. Emilius Klippe often shows roundish shapes ( Fig. 3e-s) . In some, samples (e.g., leucosome) of these units crystals with (short) prismatic habit are also present (Fig. 3i) . The internal morphology of zircon crystals varies from sample to sample, even from grain to grain in some samples. Many samples preserve detrital cores, with one or several metamorphic overgrowth zones, while other samples show newly grown Permian metamorphic 1 3 zircon only. Internal textures within detrital cores are diverse, but oscillatory zoning is the most common type. A first very narrow metamorphic overgrowth usually has a bright CL-emission, a turbulent texture, and many inclusions (Fig. 3e, m) ; however, such a bright rim is not present (or not preserved) in all grains. The most common type of metamorphic overgrowth has a dark-CL-emission with either uniform texture, sector, or fir-tree zoning (e.g., 3b-d, e, g-l, o-s). In addition, some migmatite samples from the 2DK, Valpelline Series, and Mt. Emilius Klippe commonly show oscillatory zoning (Fig. 3n) . A fourth Permian metamorphic overgrowth rim is present in some samples; it shows very bright CL-emission and a mostly uniform texture ( Fig. 3a-d, j, o) . Samples from the EMC (FG 12157, FG 1315 , FG 1347 ) also show an Alpine metamorphic zircon overgrowth (outermost grey rim in Fig. 3a, d ). Table 2 gives an overview of the range in Permian and detrital U/Pb zircon dates, uranium and thorium concentration, and Th/U ratios, as well as weighted mean ages for each sample. In the five EMC samples analysed, 17 detrital cores give a range of dates from 790 to 415 Ma, and 53 metamorphic rims range from 313 to 222 Ma (Fig. 4a) . In samples from the northeastern 2DK, 16 zircon cores show a range of dates between 1000-500 Ma, and 106 analyses of metamorphic overgrowth rims yield an overall range between 311-217 Ma (Fig. 4b) . In the central 2DK body, 16 detrital cores yield a range from 1800 to 450 Ma, and 63 metamorphic overgrowth rims have a range from 329 to 266 Ma (Fig. 4c) . For the 2DK slices in the southwest Sesia Zone, five analyses of detrital cores define a range of dates from 560 to 352 Ma, 79 dates of metamorphic overgrowth rims range from 305 to 259 Ma (Fig. 4d) . Five samples from the Valpelline Series yield 13 analyses of partially resorbed cores, with dates ranging from 1500 to 350 Ma; 75 analyses of metamorphic rims range from 330 to 230 Ma (Fig. 4e) . In the samples from the Mt. Emilius Klippe, 19 analyses of detrital cores yield dates from 900 to 450 Ma, and 29 analyses for metamorphic rims range overall from 327 to 264 Ma (Fig. 4f) .
U/Pb-geochronology
All Permian dates (see Fig. 5 ) from the EMC combined form a broad peak in the PDP, spanning from 300 to 280 Ma with a maximum at ~285 Ma, giving a weighted mean age (WMA) of 285.9 ± 2.7 Ma (n = 46; MSWD = 2.9). A similar range is observed in the central 2DK (main peak ~286 Ma; WMA: 285.8 ± 1.9 Ma, n = 55, MSWD = 2.5), Mt. Emilius Klippe (main peak ~285 Ma; WMA: 285.7 ± 2.2 Ma, n = 22, MSWD = 1.4), and one of two peaks from the Valpelline Series (~283 Ma; Isoplot unmix age: 283.5 ± 1.7 Ma). The data from the SW 2DK show a broad range of dates with several unresolved peaks in PDP at ~286 Ma, ~280 Ma and ~270 Ma (Isoplot unmix ages: 287.3 ± 1.5 Ma, 278.4 ± 2.0 Ma, 268.6 ± 1.8 Ma). The dates from the NE 2DK form a well-defined peak at ~277 Ma (WMA: 277.0 ± 1.1 Ma; n = 103, MSWD = 1.9) falling in-between the older peak (286-283 Ma) and the younger peak of the Valpelline Series at ~266 Ma (Isoplot unmix age: 265.6 ± 1.8 Ma). Few dates from the EMC, NE 2DK, and Valpelline Series scatter towards younger ages between 260-220 Ma. 
Zircon trace element geochemistry
Thorium and uranium concentration were routinely analysed with the U/Pb data (Table 3 ; Online Resource 6). For select samples from the 2DK and Valpelline Series, trace elements (P, Y, Hf, and REE) were separately analysed (Online Resource 6). Th/U ratios of Permian zircon from the EMC and central 2DK (Fig. 5b) are generally low ~0.01-0.001, while high Th/U ratios >0.1 prevail in the NE and SW 2DK. Permian zircon from the Valpelline Series and Mt. Emilius Klippe shows a range of Th/U ratios from 0.01 to >0.1. In the Valpelline Series, there is an apparent trend for higher Th/U ratios with younger ages (Fig. 5b) . LREE and MREE patterns of Permian zircon from the 2DK and Valpelline Series broadly overlap for all samples, while HREE patterns show variation within and/or between samples. Two major groups can be distinguished: (i) steep HREE slopes with Gd N /Lu N of 3-30 and (ii) flat to slightly negative HREE slopes with Gd N /Lu N between 0.4-2. Zircon from leucosome samples (IIDK 52c, IIDK 66, and VR1015) generally fall into the first group of steep HREE pattern and have overall uniform REE pattern within their zircon population. Zircon from metapelitic samples 
Ti-in-zircon thermometry
Titanium concentration in zircon were measured by LA-ICP-MS either simultaneously with U/Pb measurements or as part of trace element measurements (for detailed analytical protocols see Online Resource 1). Temperatures were calculated using the calibration from Watson et al. (2006) . Except where stated otherwise, all samples contain rutile and quartz, but in some samples, all rutile may be Alpine. The data presented are associated with Permian metamorphic zircon rims; an overview for each sample is given in Table 3 and Fig. 6 ; the Online Resource 6 shows individual analyses. Where rutile was absent during zircon growth, the TiO 2 activity was reduced, and temperatures represent minimum values. Ti-in-zircon concentrations range from a few ppm in the central 2DK (1-4 ppm) and EMC (2-3 ppm), to . Despite a relatively strong greenschist to blueschist facies overprint, rutile can be found, and we consider it part of the HT assemblage in the samples from the SW 2DK. Based on this, the distinct Ti-in-zircon concentrations are thought to represent real differences in temperature (~627-888 °C) during Permian zircon growth. Ti concentrations increase from low (3.8-7.8 ppm) in sample VP 1402 towards higher values (2.6-13.5 and 4.1-10.0 ppm) in samples VP 66 and VP 74. In all samples from the Valpelline Series, rutile is present, and Ti-in-zircon temperatures ranging from 642 to 768 °C are likely to represent zircon growth during Permian HT metamorphism. In two samples from the Mt. Emilius Klippe, for which Ti-in-zircon data could be acquired, Ti concentrations similarly dispersed as in the samples from the SW 2DK, ranging from 4.8 to 10.6 ppm in sample EM1-1049, and 11.5-25.9 ppm in sample EM1-1056. Despite a strong Alpine metamorphic overprint in the samples from the Mt. Emilius Klippe, evidence for rutile belonging to the HT assemblage is present, and Ti-in-zircon temperatures of 680-832 °C are indicated for Permian zircon growth.
Zr-in-rutile thermometry
Zr-in-rutile concentrations were measured by electron microprobe; for detailed analytical conditions and protocols, see supplementary material Online Resource 1. Rutile is present in many samples, but fresh HT rutile was found only in a few samples that allowed Zr-in-rutile measurements for the calculation of temperatures to be warranted. The range of Zr concentration and temperatures, calculated using the Watson et al. (2006) calibration, are listed in Table 3 and plotted in Fig. 7 . Individual analyses for the six measured samples together with a selection of BSE images from the analysed rutile grains are given in Online Resources 5 and 6. In HT assemblages, rutile is commonly dark red to brown, and crystals are up to 700 µm in diameter. In the samples from the EMC no large, dark HT rutile grains could be found. Instead, rutile in these samples is small (10-150 µm) and usually of light brown to yellow colour. Zr concentrations were measured in one sample from the EMC (FG 1249) to test if rutile Zr contents were reset during Alpine HP overprint. Indeed, Zr concentrations in this sample range from 4 to 288 ppm, corresponding to temperatures of 385-639 °C, clearly cooler than the Permian metamorphism in the 2DK and Valpelline Series. In the northeastern 2DK, rutile is very common, but occasionally replaced in part by ilmenite and/or titanite and/ or showing exsolution of µm-sized zircon/baddeleyite needles. Fresh rutile was found in sample IIDK 54. Avoiding areas showing replacement or exsolution, the sample yields Zr concentrations of 563-2186 ppm, corresponding to temperatures of ~690-840 °C. In samples from the central 2DK lens, no HT rutile was found. Occasionally, very fine rutile needles occur in exsolution textures in HT biotite. Owing to the strong greenschist facies overprint in the southwestern 2DK, fresh rutile is rare, but in sample VR 0909, some rutile grains were unaffected by ilmenite and/or titanite replacement. These have a range in Zr concentration of 571-2035 ppm, i.e., a temperature range of ~700-830 °C, similar to the northeastern 2DK. Samples from the Valpelline Series commonly show abundant fresh HT rutile. Two samples (VP 66 and VP 74) where selected for Zr measurements. Both data sets show a slightly larger spread than in the 2DK samples, with Zr concentrations of 400-2395 ppm (~665-850 °C) for sample VP 66 and 346-2049 ppm (~630-830 °C) for VP 74. For samples from the Mt. Emilius Klippe, despite strong Alpine overprint, some pre-Alpine rutile grains are preserved. Sample EM1-1051 shows dark brown rutile grains, locally overgrown or rimmed by fine-grained, lighter coloured rutile grains, and small, separate light brown to yellow rutile is also found. Rutile grains of all sizes and colours were analysed for Zr concentrations resulting in a range from 10 to 1190 ppm (432-770 °C). The lowest Zr concentrations were found in the rims of some grains, while the highest usually were found in the centre. However, some low values were from inside dark brown rutile grains, indicating reset Zr concentrations in rutile without textural/microscopic evidence. For the Mt. Emilius Klippe samples, the calculated Zr-in-rutile temperatures ranging from ~620 to 770 °C are thought to reflect Permian HT metamorphism; the results overlap closely with those for the 2DK and Valpelline Series. Temperatures ranging from 430 to 600 °C are similar to those inferred to represent Alpine temperatures in the sample from the EMC (Fig. 7b) . The diversity of the Zr concentration in rutile from the Mt. Emilius Klippe indicates several generations of rutile growth and partial resetting of Zr in HT rutile.
Discussion
In the Alps, HT metamorphism has long been related to the late Variscan orogenic evolution (e.g., Schmerold 1988; Desmons et al. 1999 and references therein; Frisch and Neubauer 1989; Neubauer et al. 1989; Gardien et al. 1994) and associated with thermal relaxation in the overthickened lithosphere and late-orogenic collapse. Owing to Alpine overprint, the age of this metamorphism is largely assumed to be coeval to the magmatic evolution, which mostly spans a range from 340 to 295 Ma (e.g., Bussy et al. 2000 ; Online Resource 4). Over the past two decades, studies in late Palaeozoic metamorphic rocks increasingly recognised a distinct Permian thermal phase, which has variably been associated with upwelling of the asthenospheric mantle, mafic underplating, and continental rifting (e.g., Diella et al. 1992; Bertotti et al. 1993; Müntener and Hermann 2001; Marotta and Spalla 2007; Schuster and Stüwe 2008) . For the Eastern Alps, crustal-scale extensional processes in the course of the separation of Europe and Adria are now thought to be responsible for the LP-HT Permian metamorphism (e.g., Schuster et al. 2001a) . A similar Permian extensional evolution, characterised by a high thermal regime, has been proposed also for the Western Alps (e.g., Lardeaux and Spalla 1991; Marotta and Spalla 2007; Schuster and Stüwe 2008; Beltrando et al. 2007 ), but such a separate Permian evolution was so far supported mostly by geochronological data from magmatic rocks (i.e., Permian gabbros and granitoids; e.g., Paquette et al. 1989; Bussy et al. 1998; Bussy and Cadoppi 1996; Rubatto et al. 1999; Bertrand et al. 2005; Monjoie et al. 2007; Cenki-Tok et al. 2011 ); overall, these indicate an age group (mostly 290-270 Ma; Fig. 9 ; Online Resource 3) distinct from the late Variscan one. An HT metamorphic imprint of Permian age has long been assumed, but geochronological data to support this idea have been few and far between (e.g., Zucali et al. 2011; Manzotti, 2012; Pesenti et al. 2012 ). The present study fills this gap by adding age data of Permian metamorphic rocks from the Western Alps, in particular from Adria-derived tectonic units. The overall age range spans a time interval of 40-50 Myr in the Permian, indicating that HT metamorphism in the continental crust was protracted and, indeed, defines a separate group than the late-orogenic Variscan one.
Zircon U/Pb age interpretation
Zircon grains dated in this study were separated from metasediments, mostly metapelites, i.e., from samples that are expected to have behaved similarly under comparable metamorphic conditions. In addition, garnet-bearing leucosome veins or dykes were selected from some units (2DK and Valpelline Series). In many samples, zircon shows crystal habits ('soccer-ball' shaped; Fig. 3g, h, k, o, r, s; c.f. Vavra et al. 1996 and internal textures that indicate growth at HT metamorphic conditions (dark-CL, uniform, sector, or fir-tree zoning; Fig. 3c , f, h, i, j, s) or in anatectic environments (oscillatory zoning; Fig. 3l , n, r) (e.g., Harley et al. 2007 ). Analytical spots for dating of metamorphic growth of zircon were chosen based on such textural criteria.
To discuss the spatial-temporal evolution regionally, it is useful to distinguish two sample domains: Domain A comprises the EMC, central 2DK, and Mt. Emilius Klippe; domain B includes the NE 2DK, SW 2DK, and the Valpelline Series.
U/Pb zircon dates ranging from ~310 to 260 Ma are found all over domain A and B, attesting the regional extent of late Palaeozoic HT metamorphism in the Adria-derived units (shown in Fig. 9, discussed below) . The data presented in the PDP of Fig. 4 and 5a show that the overall distribution of dates is scattered among samples and units; however, Fig. 5a shows that pooling of ages allows us to distinguish between age groups among the units. Two main age groups of metamorphic zircon growth are distinguished in both domains (Fig. 5a ): the first one (~290-280 Ma) is coeval with or only slightly younger than the Permian magmatism (~294 and ~284 Ma) reported for the Western Alps; the second group (~277-266 Ma) is clearly younger.
In domain A, the first age group dominates the zircon population (Fig. 5a ), it has a weighted mean age of 286 ± 2 Ma. In the EMC and central 2DK, this age group is generally associated with low Th/U ratios (Fig. 5b) and low Ti-in-zircon concentration (Fig. 6b) , but no such trend is evident in the data from the Mt. Emilius Klippe. In many samples from these three areas, Permian metamorphic overgrowths are narrow, and detrital cores dominate the zircon grains (Fig. 3) . Textures indicate limited zircon dissolution and minor new growth during HT metamorphism, possibly because fluid/melt supply was limited or the heat pulse short-lived, thus not allowing a large quantity of zircon to dissolve or grow during the Permian.
In domain B, the first age group is also present (SW 2DK: 287 ± 2 Ma, Valpelline Series: 283 ± 2 Ma; Figs. 4, 5a), but it is the second age group (~277-266 Ma) that dominates the zircon population. The first age group in domain B lacks the characteristics of low Th/U and Ti concentration (Figs. 5b, 6b ) and growth zones are wider than in domain A. Whereas a distinct peak is found in the PDP for the NE 2DK, with a weighted mean age of 277 ± 1 Ma (Fig. 5a) , no clear age peak emerges for the SW 2DK (Figs. 4d, 5a) , just a range of ages that may comprise unresolved peaks. Using Isoplot's unmixing age function, three age generations emerge at 287 ± 2, 278 ± 2, and 268 ± 2 Ma that do correspond to the peaks discernible in the PDP. The Valpelline Series shows a bimodal age distribution with two incompletely separated peaks (Fig. 5a) . The Isoplot unmixing age function yields an age at 283 ± 2 Ma and a younger generation at 266 ± 2 Ma. The results indicate that the NE and SW 2DK and Valpelline Series experienced a first zircon growth phase as well as a second one some ~10-20 Myr later. In domain B, metamorphic overgrowth dominates most of the zircon grains, whereas core remnants dominate in Domain A. In domain B HT conditions evidently lead to more resorption either because of higher metamorphic conditions and/or longer duration of these conditions. Extensive partial melting, visible as migmatites, leads to significant zircon resorption followed by new growth over ~20 Myr. Samples in all of domain B show HT metamorphic assemblages, high Th/U ratios in zircon (0.01-0.8; Fig. 5b) , and zircon textures indicating growth at amphibolite to granulite facies conditions ( Fig. 3f ; fir-tree and sector zoning; c.f., Vavra et al. 1996 . Attempts to discriminate different growth phases based on (H)REE patterns (e.g., Rubatto 2002) were inconclusive: HREE slopes vary significantly between steep and flat among and within samples, and no correlation to age, Th/U ratios, Ti-in-zircon temperatures, or textures is evident. This may indicate local processes in smallscale domains, such are expected if partial melts migrate through compositionally heterogeneous rocks.
Age differences are evident also among individual samples. Migmatite parts sampled in close proximity, both in the 2DK (e.g., melanosome IIDK 65; leucosome IIDK 66) and Valpelline Series (melanosome VP 1403a; leucosome VP 1403b), show differences in their age distribution (Fig. 4c, e) . Compared to melanosomes, leucosomes tend towards older ages indicating that bulk rock chemistry and/or melt depletion have an influence on apparent ages. Yet, in other studies (e.g., Rubatto et al. 2001) , the age difference between leucosome and melanosome was inverse, the leucosome being slightly younger than the melanosome. Yakymchuk and Brown (2014) concluded that apparent age differences between individual samples are most likely caused where migmatites reach the solidus at different temperatures because of differences in local bulk rock composition and/or melt depletion.
Zircon in domain A is characterised by an age of 286 ± 2 Ma, generally low Th/U ratios, low Ti concentration, and narrow Permian metamorphic growth zones. In contrast zircon of domain B shows two age groups (~287-283 and ~277-266 Ma), with high Th/U ratios in zircon, high Ti concentration, and wide Permian metamorphic overgrowths rims. The reasons for these differences cannot unambiguously be identified. A possibility is that domain A and B experienced different duration and intensity of partial melting during HT metamorphism. Therefore, in domain B, more pre-existing zircon has been dissolved and subsequent wider metamorphic rims grew. The varying width of Permian metamorphic growth zones could also explain the difference in age pattern that we observed. Due to the spot size during LA-ICP-MS measurements 32-16 µm, we bias our results towards growth zones at least slightly wider than our spot size. Therefore, the absence or limited number of dates between 277-266 Ma in domain A might not imply that they do not exist; they simply could not be measured.
Scattered younger ages (<260 Ma) are associated with zircon internal textures that indicate late stage fluidassisted recrystallisation (Fig. 3a, d, o; c.f. SCA, ). Such textures occur in both domains; most abundantly, they are observed in EMC samples (Fig. 5a ), but they are locally present in samples from the NE 2DK and Valpelline Series, as well. The age of such recrystallisation events is difficult to specify: they may immediately follow the Permian HT metamorphism or at a later time, perhaps in the Alpine cycle.
Significance and interpretation of zircon and rutile trace element thermometry
In our study, the temperature ranges from both thermometers are similar (~600-800 °C, Fig. 6 , Table 3 and 750-850 °C, Fig. 7 , Table 3 ). The lowest Ti-in-zircon temperatures (600-650 °C) are considered minimum values, as rutile is lacking in some samples and TiO 2 activity may have been reduced (e.g., Watson et al. 2006) . On the other hand, the high temperatures (>750-800 °C) in sample IIDK 17, VR 0909 and EM1-1056 may reflect local heat anomalies, possibly caused by proximal heat sources such as mafic dykes or intrusive stocks. BSE images of some rutile grains from the EMC, 2DK, and Mt. Emilius Klippe do show exsolution of zircon/baddeleyite needles, but not in samples from the Valpelline Series. Nevertheless, Zr-inrutile temperatures from the 2DK (690-840 °C) overlap with those from the Valpelline Series (630-850 °C), so Zr-in-rutile temperatures appear not to be reset. For the EMC and Mt. Emilius Klippe, clearly lower Zr-in-rutile temperatures (385-639 and 432-770 °C) were measured, and these appear to reflect retrogression.
While Ti-in-zircon temperatures in HT rocks commonly are found to be below peak temperatures and may indicate zircon growth during cooling (e.g., Roberts and Finger 1997; Baldwin et al. 2007; Harley 2008 ) Zr-inrutile temperatures are interpreted to record metamorphic peak temperatures (e.g., Ewing et al. 2013 ). Zr-in-rutile temperatures from this study, therefore, suggest that metamorphic peak temperatures did not exceed 800-850 °C in Adria-derived units. The results from trace element thermometry are in good agreement with the P-T data from the previous studies, ranging from ~700 to 800 °C at ~6-9 kbar (e.g., Nicot 1977; Lardeaux 1981; Lardeaux et al. 1982; Dal Piaz et al. 1983; Vuichard 1987; Pognante et al. 1988; Lardeaux and Spalla 1991; Gardien et al. 1994; Manzotti and Zucali 2013) . Ewing et al. 2013 Peressini et al. 2007 Vavra et al. 1996 , 1999 Schuster et al. 2015 Thöni and Magmatism Adria-derived units Western Alps Schuster et al. 2001a Schuster et al. 2001a Schuster et al. 2001a Schuster et al. 2001a Heede 1997 Schuster et al. 2001b Thöni et al. 2008 Thöni et al. 2008 Thöni et al. 2008 Thöni et al. 2008 Thöni et al. 2008 Schuster et al. 2001a Rockenschaub et al. 1999 Habler et al. 2009 Habler et al. 2009 Gaidies et al. 2008a 2DK 
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Permian metamorphic ages in the Alps
So far, few geochronological studies focused on unravelling the age of the HT metamorphism in Adria-derived units of the Western Alps. Recent studies in the Valpelline Series provided a Permian U/Pb zircon age from a pegmatite dyke (274 ± 1 Ma; Zucali et al. 2011; Manzotti 2012 ) and chemical (EMPA) monazite ages from migmatites (304-248 Ma; Zucali et al. 2011 and 290 ± 4 Ma; Pesenti et al. 2012 ). In addition, Manzotti et al. (2012) obtained metamorphic U/ Pb zircon ages, ranging from 294 to 263 Ma, for a metachert from the Upper Unit in the Mont Mary nappe. These sparse age data indicated a prolonged Permian HT metamorphism for the lower crustal units of the Dent Blanche nappe. The new results presented here affirm the Permian age of HT metamorphism in that unit and document comparable ages in the other Adria-derived lower crustal units studied, i.e., the EMC, 2DK, and Mt. Emilius Klippe. Furthermore, the data set as a whole clearly indicates that zircon growth occurred in two distinct time intervals of the protracted HT history of these units. The first age group (290-280 Ma) is contemporaneous with the several known, magmatic ages from the Sesia-Dent Blanche nappes (~294 and ~284 Ma; e.g., Val Sermenza gabbro, Collon and Cervino gabbros, Monte Mucrone granitoids, and Arolla granitoid; e.g., Paquette et al. 1989; Bussy et al. 1998; Rubatto et al. 1999; Monjoie et al. 2007; Cenki-Tok et al. 2011; Manzotti 2012) . The second age group clearly postdates that intrusive phase by some 10-20 Myr (see Fig. 8 ). Three questions emerge:
1. How do the Permian ages from our study compare to those from other parts of the Alps? 2. Are two age groups visible also in other regions? 3. What caused the two phases of zircon growth?
The 2DK and Valpelline Series are thought to be closely related to the Ivrea Zone (e.g., Carraro et al. 1970) ; hence, we start our comparison with the well-documented Permian metamorphism in the Kinzigite Formation of the Ivrea Zone. The Ivrea Zone in the Southern Alps is famous for its cross section through the Permian lower continental curst, displaying a continuous metamorphic field gradient from amphibolite to granulite facies (Kinzigite Formation) as well as mafic underplating (Mafic Complex). Several studies (e.g., Peressini et al. 2007; Ewing et al. 2013) show that the main age range of metamorphism is ~316-260 Ma. Ewing et al. (2013) found three Fig. 9 Tectonic overview map of the Alps (Schmid et al. 2004) showing P-T-t data for Permian metamorphism. References to data presented on the map are given in the text and Online Recourses 3. Italics indicate verified contact metamorphism related to magmatic intrusion generations of U/Pb zircon ages at 316 ± 3, 276 ± 4, and 258 ± 3 Ma within a granulite facies sample from the Kinzigite Formation. Magmatic ages in the Ivrea Zone show a bimodal age distribution. In the 'central' Ivrea Zone (Val Sesia), the magmatic activity ranges between ~295-280 Ma, with the main intrusive phase at 288 ± 4 Ma (e.g., Peressini et al. 2007; Sinigoi et al. 2011; Klötzli et al. 2014) . In the northeastern part of the Ivrea zone (Finero area), magmatic activity was reported at 232 ± 3 Ma (gabbros; Zanetti et al. 2013 ) and between 212 and 190 Ma (pegmatites; Schaltegger et al. 2015) . Our samples from Adria-derived units show a little evidence of the oldest age generation found in the Ivrea Zone (316 ± 3 Ma), though some scattered ages >300 Ma are present in all units that we have studied. Our first, well-defined age group (286-283 Ma) is only present as a partially resolved age peak (~285 Ma) in the Ivrea Zone (Ewing et al. 2013 ). The intermediate Ivrea age of 276 ± 4 Ma overlaps with our second age group (277-266 Ma) that dominates in the 2DK and Valpelline Series from the present study (Fig. 8) . The youngest metamorphic growth generation (258 ± 3 Ma) in the Kinzigite Formation is only slightly younger than our second age peak in the Valpelline Series (266 ± 2 Ma) (Figs. 5, 8 ). Metamorphic zircon ages younger than 240 Ma in the Ivrea Zone are usually associated with late stage fluid alteration (e.g., Vavra et al. 1996 , similar to what we infer for our scattered ages <260 Ma in the EMC, Valpelline Series, and NE 2DK. We conclude, based on the U/Pb zircon age groups, mineral assemblages, and metamorphic conditions, a similar origin of the Adria-derived units and the Kinzigite Formation of the Ivrea Zone is, indeed, very likely. The cause of the amphibolite to granulite facies metamorphism and the age of metamorphism have long been debated for the Ivrea Zone. Early studies postulated that the metamorphism was caused by the intrusion of the Mafic Complex (e.g., Sinigoi et al. 1991; Henk et al. 1997 ), but several more recent studies (e.g., Barboza et al. 1999; Barboza and Bergantz 2000; Redler et al. 2012) concluded that these intrusion most likely was not responsible for the regional metamorphism in the Ivrea Zone. The controversy about cause of the age pattern observed in the Ivrea Zone remains as the first phase pre-dates the mafic intrusion by several millions years, and the most abundant age group (~276 Ma) as well as the ~258 Ma ages postdate the intrusion by 10-30 Myr. Similar observations apply in the Malenco unit, a more easterly slice of Adriatic lower continental crust (Fig. 9) ; Hermann and Rubatto (2003) concluded that the first of three age generations (281 ± 2 Ma) may have been caused by the intrusion of gabbros (281 ± 19 Ma), while subsequent age generations, especially the volumetrically prominent growth generation at 269 ± 3 Ma, required additional heat input, most likely related to lithospheric thinning. The age pattern and observation of age generations clearly postdating the gabbroic intrusions in the Malenco case are similar to what is observed in the Ivrea Zone and, in the present study, in Adria-derived units. Figure 9 shows a tectonic overview map of the Alps with ages and P-T conditions from rocks that experienced Permian HT metamorphism. In addition to the Western Alps, Ivrea Zone, and Malenco unit, notable occurrences in the Austroalpine units of the Eastern Alps are shown, where Permian metamorphism has been recognised with an overall age range of ~290-240 Ma. As in the Ivrea Zone Ewing et al. 2013) , the Malenco unit (Hermann and Rubatto 2003) , and the Adria-derived units (this study), several growth phases have been established on monazite and detailed Sm/Nd garnet geochronology in the Austroalpine units (e.g., Schuster and Frank 1999; Habler and Thöni 2001; Schuster et al. 2001a, b; Gaidies et al. 2008a, b; Thöni et al. 2008; Thöni and Miller 2009; Schuster et al. 2015) . Across the Alpine chain, some units show a broad range of ages (e.g., Valpelline Series, Ivrea Zone, Monte Rosa nappe, Gruf complex, Malenco unit, Rappold complex, Strallegg complex, and Saualpe/Koralpe complex), while other units only show ages from ~290 to 280 Ma (e.g., EMC, Mt. Emilius Klippe, and Campo unit), or only ages <280 Ma (e.g., Matsch unit, Wölz Complex, Plankogel Complex, Jenig Complex, Strieden Complex, and Deferegger Complex). Some Austroalpine units furthest to the east and southeast (Fig. 9) show ages generally younger than 275 Ma, indicating a slight trend towards younger ages from west to east (Fig. 8) . As stated above, the absence of a particular age group in a unit does not imply complete absence of it, possibly age groups could get obscured due to few data (unclear significance) or bias during measurements (e.g., analytical resolution, spot size).
In Fig. 9 , Permian magmatic ages within the range of ~300-240 Ma are seen to scatter across the Alpine chain. U/ Pb zircon ages for felsic and mafic plutons have a median age of 280 Ma and 285 Ma, respectively ( Fig. 9 ; corresponding references in Online Resources 3), while Sm/Nd mineral isochron ages in the Eastern Alps and the Ivrea Zone have a median of ~250 Ma (e.g., Miller and Thöni 1997; Mayer et al. 2000; Miller et al. 2011) . U/Pb zircon ages from mafic plutons (visible at the present level of erosion) in the Adriaderived units of the Western Alps are dominantly in the age range of 295-285 Ma. The data presented in this study showed that in the Western Alps, a metamorphic age group (290-280 Ma) is essentially coeval with these magmatic ages (Fig. 8 ), yet in several units (Valpelline Series, NE, and SW 2DK), a second age group (277-266 Ma) dominates the zircon population (Fig. 8) . The fact that abundant and voluminous zircon growth phases as well as detailed Sm/Nd garnet geochronology (Fig. 8) give clearly younger metamorphic ages than the U/Pb zircon intrusion ages does not support to the often-proposed causal connection, i.e., gabbroic intrusions providing the heat for Permian HT metamorphism in the lower and middle crust of the Adriatic margin.
Several places in the Alps (e.g., Sesia Zone, Ivrea Zone, Malenco unit, or Campo unit; Fig. 9 ) allow a closer look at the relationship between Permian mafic bodies and Permian metamorphic ages. The EMC in the Sesia Zone hosts several mafic intrusions that were dated to 288 Ma and 285 Ma, the metamorphic ages obtained in this study for the EMC have an average age of 286 ± 2 Ma, this observation support the theory that gabbroic intrusions provided the heat for Permian HT metamorphism. Similar conclusions have been made by Petri (2014) in the Campo unit, where the intrusion of the Sondalo gabbros (289-285 Ma) caused the 288 Ma metamorphism in the surrounding rocks. However, in the Ivrea Zone as well as in the Malenco unit, the mafic intrusions are dated to 288 Ma (Peressini et al. 2007 ) and 281 Ma (Hansmann et al. 2001) , respectively, while metamorphic ages contemporaneous with the intrusion age occur, several phases of voluminous zircon growth up to 20 Myr younger are reported for both units (e.g., Hermann and Rubatto 2003; Ewing et al. 2013) . Magmatic underplating, pooling of mafic melt at or below the Moho, caused by lithospheric thinning and astenospheric upwelling have been suggested (Henk et al. 1997 ) to cause regional scale HT metamorphism. This scenario accounts for regional protracted heating, affecting all crustal levels independent of the local occurrence of Permian intrusions. We regard that these intrusions are an effect of magmatic underplating, as well as the HT metamorphism. In areas where magma intruded the shallower (cooler) crustal levels, local contact metamorphism is evident (e.g., in the Campo unit), while at deeper crustal levels (e.g., in the Ivrea Zone), thermal effects around intrusive bodies are less well defined and contact aureoles are hardly distinguishable, due to ambient temperatures being near magmatic temperatures at the time of the intrusion.
The Permian evolution is well represented also in the sedimentary record: early Permian strike-slip tectonics resulted in the opening of asymmetric graben basins in the central part of the South-Alpine unit (e.g., Orobic Basin, Collio Basin; Matte 1986; Massari 1988; Cassinis et al. 1995) , with dominantly continental deposits and sparse marine deposits (Bellerophon Formation and Pontebba Supergroup; Bosellini 1991) . In summary, the Permian evolution is widely recorded in the Alpine realm, with clear structural, magmatic, metamorphic, and sedimentary signatures, indicating a temporal link between extensional tectonics, the accumulation of mantle melt at the base of the crust (e.g., Malenco unit, Müntener and Hermann 1996; Müntener et al. 2000; Ivrea Zone, Voshage et al. 1990 ), partial melting in the lower crust (e.g., Ivrea Zone, Redler et al. 2012) , intrusion of granitic bodies at higher levels (e.g., Arolla Series, Bussy et al. 1998; Serie dei Laghi, Köppel 1974; Schaltegger and Brack 2007) , and explosive acid volcanism at the surface (e.g., Serie dei Laghi, Quick et al. 2009 ). Although there is a clear temporal link between mafic magmatism and HT metamorphism, the regional scale of the Permian thermal effects-documented over more than 600 km from the Western to the Eastern Alps and further east into the basement of the Pannonian basin (Lelkes-Felvàri et al. 2003 )-indicates that the heat source for HT metamorphism was not solely provided by mafic melts intruding the crust, but sustained by the upwelling mantel itself.
Conclusions and outlook
• This study shows that the Permian thermal evolution is preserved in the 
